Young multiple star systems provide excellent testing grounds for theories of star formation and evolution. EPIC 203868608 was previously studied (David et al. 2016) as a triple star system in the Upper Scorpius OB association, but the follow-up Keck NIRC2/HIRES/NIRSPAO observations reported here reveal its quadruple nature. We find that the system consists of a double-lined spectroscopic binary (SB2) Aab (M5+M5) and an eclipsing binary (EB) Bab with a total mass that is lower than that of the SB2. Furthermore, we measure the obliquity of the EB using the Doppler tomography technique during the primary eclipse. EPIC 203868608 Bab is likely on an inclined orbit with a projected obliquity of −57 +40 −36 degrees. The inclined orbit is used to constrain the tidal quality factor for low-mass stars and the evolution of the quadruple system. The analytic framework to infer obliquity that has been developed in this paper can be applied to other EB systems as well as transiting planets.
INTRODUCTION
The stellar population in the solar neighborhood is dominated by multiple star systems, mostly binaries and some triples, but with 3% of stellar systems being quadruple and higher-order multiples (Raghavan et al. 2010 ). Despite being rare, the highorder multiple systems offer unique insight into the process of star formation (Mathieu 1994; Tohline 2002; Reipurth & Mikkola 2012; Duchêne & Kraus 2013 ), e.g., large scale core or filament fragmentation (Pineda et al. 2015) vs. small scale disk fragmentation (Tobin et al. 2016) .
Among multiple stellar systems, eclipsing systems are particularly interesting because they provide an opportunity to directly measure masses and radii. The Kepler mission (Borucki et al. 2010) greatly expanded the catalog of eclipsing binaries (EBs, Kirk et al. 2016 ). In addition, higher-order multiple eclipsing stellar systems have also been discovered by the Kepler mission (Carter et al. 2011; Derekas et al. 2011; Lehmann et al. 2012 Lehmann et al. , 2016 . After the Kepler mission, the re-purposed K2 mission ) discovered even more highorder multiple eclipsing stellar systems (e.g., Alonso et al. 2015; Rappaport et al. 2016 Rappaport et al. , 2017 . In total, the Kepler satellite greatly expands upon pre-viously known eclipsing multiple stellar systems by revealing more than 200 high-order EBs owing to its unprecedented photometric precision and long time baseline (Conroy et al. 2014; Borkovits et al. 2016 ). In the future, the Transiting Exoplanet Survey Satellite (TESS) mission (Ricker et al. 2014) and the PLATO mission (Rauer et al. 2014) will continue the trend of EB and transiting planet discoveries.
Notably, K2 observations of the Upper Scorpius OB association have yielded a number of young eclipsing systems (Kraus et al. 2015; Lodieu et al. 2015; Alonso et al. 2015) , including EPIC 203868608 (David et al. 2016, hereafter D16) . The system previously was thought to be a hierarchical triple with a pair of eclipsing brown dwarfs. In this paper, however, we provide evidence that EPIC 203868608 is in fact a young quadruple system consisting of a double-lined spectroscopic binary (SB2) and an EB. We show that all four stars are likely to have low masses ( 0.3 M ) and that the EB is likely to be on an inclined orbit.
We present our observations with a suite of instruments on the Keck telescopes in §2. Results are given in §3 including stellar and orbital properties of EPIC 203868608. In §4, we focus on the obliquity of the EB in EPIC 203868608. The summary is given in §5.
OBSERVATION AND DATA REDUCTION

Keck/NIRC2
We observed EPIC 203868608 using the Keck/NIRC2 instrument (Wizinowich et al. 2000) in laser guide star (LGS) mode.
LGS was required for an acceptable adaptive optics (AO) performance because EPIC 203868608 is faint in wavefront sensing wavelengths (r = 16.3 mag) and cannot serve as a natural guide star. We obtained AO images in the J and K P bands at three epochs. The first two epochs of observations are obtained from Keck Observatory Archive (PID: N121N2L, PI: Mann, and PID: H210N2L, PI: Baranec). The first epoch was coincidentally taken during the primary eclipse (UT 2015 Jun 22, MJD 57195.42345 day). Since we set the orbital phase [0-1] to zero at the middle of the primary eclipse, the observation corresponded to an orbital phase of 0.9942. The second epoch was taken at UT 2015 Jul 25, MJD 57228.26646 day, corresponding to a orbital phase of 0.3674, when the total flux of the system is at a normal (non-eclipsing) level. We took the third epoch of observation on UT 2016 July 17 (PID: C237N2L, PI: Mawet) at an orbital phase of 0.4371, 2.94 hours from secondary eclipse.
On UT 2015 Jun 22, two J-band AO frames without dithering and two K P -band AO frames with a dither pitch of 0.27 were taken. The total on-target time per frame was 20 seconds (1 second with 20 coadds).
On UT 2015 Jul 25, three J-band AO frames were taken with a three-point dither pattern that has a throw of 2.5 . The lower left quadrant was avoided because it has a much higher instrumental noise than the other three quadrants on the detector. Total on-target time per frame in J band was 30 seconds (1.25 seconds with 24 co-adds). Five K P -band AO frames were taken with a five-point dither pattern. The five-point dither pattern has the target in the center of the detector and the centers of each detector quadrant. The total on-target time per frame in K P band was 60 seconds (1.25 seconds with 48 co-adds).
On UT 2016 Jul 17, we took three K P -band AO frames with a three-point dither pattern that has a throw of 2.5 . Total on-target time per frame was 20 seconds (2 seconds with 10 co-adds). All Keck NIRC2 observations and other observations (HIRES and NIRSPAO) on EPIC 203868608 are summarized in Table 1 .
The raw data were processed using a standard procedure including replacing bad pixels, subtracting dark frames, flat-fielding, and subtracting sky background. We constructed a bad pixel map using dark frames. Pixels with dark currents that deviated more than 5σ from their surrounding pixels were recorded as bad pixels. Their values were replaced with the median flux of the surrounding pixels. Dark frames were obtained with the exact same setting as the science frames, e.g., exposure time, co-adds, and readout mode. After dark subtraction, each science frame was corrected for flat fielding. The reduced AO images (shown in Fig.  1 ) were later used for photometric and astrometric measurements.
Keck/HIRES
We obtained high dispersion spectra for EPIC 203868608 using Keck/HIRES (Vogt et al. 1994 ) at 13 epochs between June 2015 and July 2017. From the Keck/HIRES spectra we determined radial velocities (RVs) for the brighter components in the multiple stellar system. The majority of our data were acquired using the B2 or C5 deckers that provide spectral resolution of 70,000 or 36,000, respectively, in the wavelength range from 4800Å to 9200 A. In this work, we also include previously published radial velocities derived from HIRES spectra acquired using the setup of the California Planet Search, covering ∼3600-8000Å at R∼48,000 with the C2 decker. An example of HIRES spectra centering on Li I 6707.8Å line is given in Fig. 2 , showing the SB2 nature of EPIC 203868608 A. While some of the HIRES RVs are published in D16, the remainder will be presented in David et al. 2018 (in prep.) .
We observed EPIC 203868608 using Keck/NIRSPAO mode in K band, for which the filter was "NIRSPEC-7-AO". We selected a slit with width of 0.041 and length of 2.26 . The slit width corresponds to a 3 pixel sampling on detector. The spectral resolution is ∼25,000 for the slit width.
Observation
We observed EPIC 203868608 on UT 2017 Jul 06, coinciding with the primary eclipse of the EB. We started to take data at UT 06:30 and finished taking data at UT 09:22. We used the "ABBA" dither pattern. Seeing was between 0.8 and 1.0 . Wind speed was low between 0 and 5 mph.
Exposure time was set to be 600 seconds and 1 coadd per frame. The exposure was chosen to be short enough to resolve the eclipse duration (i.e., a few hours), and long enough for a decent signal to noise ratio (SNR). The peak flux recorded on the detector was ∼80-120 ADU (gain = 5.8 e −1 per ADU) depending on target airmass and seeing conditions. We obtained 4 ABBA patterns corresponding to a total on-target time of 2.67 hours. Compared to the wall time duration of 2.87 hours, the observing duty cycle was 93%.
Reducing NIRSPAO Data
We reduced the NIRSPAO data with a python package PyNIRSPEC (Boogert et al. 2002; Piskorz et al. 2016 ). The procedures were as follows. Dark frames were subtracted from the raw images which were then flat fielded. Bad pixels were identified in dark frames and their values were replaced by interpolating values of the surrounding pixels.
The raw images were then divided into different orders. Each order was processed independently including the following procedures: rectification and wavelength calibration. The details of data reduction can be found in Wang et al. (2017) . The final data products of PyNIRSPEC are wavelengthcalibrated and rectified 2-d spectra.
We then extracted 1-d spectra from the 2-d spectra. The procedure was complicated for the EPIC 203868608 case: the two visual components were separated by 0.126 , which is ∼ 3λ/D in K band. It is therefore expected that the extracted 1-d spectrum of each visual component was contaminated by the other component. We describe our approach to minimize and remove the flux contamination as follows. We created master spectra for A and B by stacking individual spectra over the course of observation. To minimize flux contamination, we only used the half of the point spread function (PSF) that was away from the other component to extract the 1-d spectrum. We used a 2-component Moffat function to model the PSF. The master spectra for A and B were later used to remove flux contamination.
We then extracted 1-d spectra at different epochs. The more points along the PSF were used, the better the SNR. However, a larger contamination was incurred when more points along the PSF were used. We set quantitative criteria to decide which points are used for 1-d spectral extraction. First, the signal needed to be at least two times higher than the contamination. Second, the signal needed to be higher than 1/20 of the peak signal. The criteria ensured that the flux contamination was always smaller than 15% without significantly sacrificing incoming signal. To further decrease the contamination level, we modeled the contamination and removed it from the extracted 1-d spectrum. The contaminating spectrum was obtained as the master spectrum for each component. The contamination level was calculated based on the 2-component Moffat model. We integrated over the pixels that were used in the spectral extraction for the signal PSF and the contamination PSF. The ratio between the two integrals was the contamination level. We then removed the contamination from the single-epoch 1-d spectrum.
For each visual component, we combined decontaminated spectra for each ABBA pattern, which resulted in spectra at 4 epochs. For the A and B dither position, spectra were shifted along both the slit direction and the dispersion direction. Therefore, we shifted spectra so that they aligned in wavelength space. To do so, we cross-correlated spectra from the A and B detector positions, found the wavelength offset, and then aligned the spectra. Illustration of orbit architecture for EPIC 203868608. The system consists of two visual components (A and B) that are separated by 0.126 . A is a spectroscopic binary on an eccentric orbit with a period of 17.94 days. The plus sign marks the focus of the ecliptic orbit. B is an eclipsing binary with a period of 4.54 days. The arrow on star a marks the rotational axis. See Table 2 for more information about the system. quadruple system. Current astrometric data are not adequate to constrain the orbit for A and B. The fact that component A is not eclipsing in K2 photometry indicates that the orbital planes of A and B are not strictly co-planar at the present time.
Radial Velocities
Radial velocities for the non-eclipsing SB2 were determined from the Keck/HIRES spectra via crosscorrelation with RV standards using the FXCOR task in IRAF 6 . FXCOR uses the Tonry & Davis (1979) cross-correlation method and Gaussian or parabolic profiles to interactively fit for velocity shifts between the two components. We chose orders with high spectroscopic information content that exhibited the highest S/N and were relatively free of significant telluric contamination to determine RVs. For each component, we used the error-weighted means of RV measurements from many individual orders as the final RV. Although the EB and the SB2 are near-equal brightness at NIR wavelengths and both are within the HIRES slit at each epoch, we detected only two clear peaks in the CCF. This is likely due to large v sin i and fainter magnitude in the optical wavelengths for the EB. The values of the HIRES RVs are presented in (David et al. 2018, in prep.) .
With the jktebop software we performed joint fits to the RV time series in order to determine orbital and physical parameters of the SB2. We present these parameters in Table 3 , where the uncertainties were determined from 10,000 Monte Carlo simulations. We show fits to the RV time series in Figure 5 . We find a minimum system mass of (M Aa + M Ab ) sin 3 i = 0.3685 ± 0.0050 M . If one assumes the expected value of sin 3 i = 3π/16, this translates to a system mass of (M Aa + M Ab ) ∼ 0.63 M . Further details on the modeling of the RVs can be found in David et al. (2018, in prep.) , which supersedes the D16 work that was based on the assumption (now realized as erroneous) that the EB and the SB2 period were the same, rather than arising from two different orbit signals.
3.3. Photometry and Astrometry We measured differential photometry for the two visual components in EPIC 203868608 using a customized code. During the primary eclipse, ∆J and ∆K P were 0.44 ± 0.04 and 0.58 ± 0.01. In another epoch, out of an eclipse, ∆J and ∆K P were 0.23 ± 0.01 and 0.28 ± 0.01. We used a photometric aperture of 6 pixels to measure the flux for A and B. We used an annulus with a radius of 60 pixels and width of 20 pixels to estimate the background. The measurement uncertainty was calculated using the standard deviation of measurements for different individual frames. The differential photometry measurement indicates that the fainter visual component (component B) is responsible for the eclipses observed in K2 photometry and presented in D16.
Astrometric measurements were also conducted with a customized code, in which stellar PSFs were fitted by a 2-d Gaussian function. The centroids of the fits were used to calculate angular separation and position angle between A and B. We used a pixel plate scale of 9.952 mas (Yelda et al. 2010) . The measurements were consistent between the two epochs and between the two filters. The angular separation between A and B is 0.126 ± 0.004 . The position angle of B with respect to A is −80.99
• ± 0.10 • (see also Table 2 ).
3.4. System Masses From the out-of-eclipse contrasts in the J and K P bands and the Baraffe et al. (2015) models, we calculated plausible system masses for the EB given a range of assumed system masses for the SB2 (Fig. 6 ). In this analysis we assumed for simplicity that both components of the SB2 are equal in mass, and both components of the EB are equal in mass. We assumed an age of 8 Myr, though this analysis is fairly insensitive to the choice of age between Plausible masses for the spectroscopic binary EPIC 203868608 A and the eclipsing binary EPIC 203868608 B based on BHAC15 models and the J and K P band contrasts, indicated by the narrow diagonal shaded band. The left-most region (hatched region) of parameter space is excluded by the minimum mass of the SB2. The vertical dashed line indicates the total mass of the young binary UScoCTIO 5, which has a similar primary spectral type and is a binary with well-determined parameters. We consider solutions to the right of this line to be highly unlikely for the now-appreciated quadruple star system, but can not rule them out.
5 and 10 Myr. Solutions in which the SB2 are less than the minimum mass measured from orbit-fitting could be excluded. We also considered solutions in which the total mass of the SB2 is greater than the total mass of the binary UScoCTIO 5 (total mass of 0.65 M , Kraus et al. 2015; David et al. 2016 ) to be highly unlikely. This is because EPIC 203868608 clearly resides at a fainter and redder position in the color-absolute magnitude diagram with respect to UScoCTIO 5, which has only two components despite sharing a similar spectral type. We thus considered the most plausible mass range for the SB2 to be ∼0.4-0.6 M , corresponding to a range of ∼0.3-0.5 M for the EB.
Due to the fact that only the SB2 is detected in our Keck/HIRES spectra, we can not presently measure fundamental masses and radii for the EB. Future efforts using either high-resolution IR spectroscopy or spatially-resolved spectroscopy at a range of phases should allow for the determination of masses and radii (A. Kraus, private communication). Moreover, long-term astrometric monitoring via high-resolution imaging should enable a determination of the wide EB+SB2 orbit. At that point, it should be possible to determine dynamical masses for each of the four components in the system and begin to place stringent constraints on evolutionary models for low-mass stars (e.g. Mathieu 1994; Mathieu et al. 2007; Hillenbrand & White 2004; Stassun et al. 2014 ).
Comparing EPIC 203868608 to Other
Quadruple Systems The orbital architecture of EPIC 203868608 is typical of other known quadruple systems, which regularly show four stars with similar masses and similar periods of the inner subsystems (Tokovinin 2008) . The Lyr system (composed of 4 A-type stars) is considered a prototype of this type of quadruple architecture, and BD -22 5866 (Shkolnik et al. 2008 ) is an example at masses similar to those in the EPIC 203868608 system. One proposed formation channel for such hierarchical quadruples is through cascade fragmentation, in which a rotating core collapses into a centrifugally-supported disk which then undergoes further rotational fragmentation if the angular momentum of fragments in the disk is high enough (Bodenheimer 1978) . Nbody dynamics between fragments within a prestellar core is another proposed mechanism for the origin of such 2+2 quadruples or "double twins," although such an outcome is rare with this mechanism (Delgado-Donate et al. 2004) . Assuming an outer period of 80 years, the location of EPIC 203868608 in a P in − P out diagram, where P in is the period of either of the inner subsystems (comparable in this case), is indeed quite close to the region of highest density among known quadruple systems (see Figure 11 of Tokovinin 2008) . This observation would seem to suggest that whatever mechanism is responsible for creating such systems would need to act on timescales much shorter than that of the age of EPIC 203868608 ( 10 Myr).
EPIC 203868608 joins a relatively small list of premain-sequence (PMS) quadruple systems which, if characterized well, can place tight constraints on evolutionary models and formation scenarios. Other notable PMS quadruples include GG Tau (White et al. 1999 ), V773 Tau (Boden et al. 2007 ), LkCa 3 (Torres et al. 2013) , and 2M0441+2301 (Bowler & Hillenbrand 2015) .
EB OBLIQUITY
Obliquity is defined as the angle between the rotational axis of the eclipsed star and the orbital angular momentum vector of the eclipsing system. The obliquity for an EB system can be measured via the Rossiter-McLaughlin (RM) effect (Rossiter 1924; McLaughlin 1924) or, more generally, through spectral line profile (LP) changes during an eclipse, i.e. Doppler tomography.
For a fast-rotating object, the spectral LP is mainly broadened by the rotation. During an eclipse, the spectral LP would deform because certain velocities are missing due to the occultation. As the eclipse progresses, the spectral LP deformation exhibits certain patterns for a given obliquity. For example, the spectral LP would red-shift and then blue-shift for a pro-grade orbit and vice versa. In subsequent subsections, we will describe the procedure to measure LPs during an eclipse ( §4.1), model LPs ( §4.3), and infer the EB obliquity from the LP measurement and modeling ( §4.4).
LP Measurement
We derived the LP using the least square deconvolution method. The method is detailed in Wang et al. (2017) and can be summarized by the following equation:
where matrix transpose is denoted by T, Z is the LP, M is a m × n Toeplitz matrix, where m is the number of data points in a spectrum and n is the desired number of data points in the LP. M is generated from a template spectrum F that has the same wavelength sampling as the observed spectrum Y 0 . S is an m × m matrix with S ii = 1/σ i , where σ i is the measurement error for each spectral data point. We use PHOENIX BT-Settl spectrum (Allard et al. 2001 ) with T ef f =2900 K and log(g)=4.0 as our template spectrum F. The spectrum gives the least residual in the least square deconvolution.
R is a regularization matrix. We used a firstorder Tikhonov matrix as the regularization matrix in Wang et al. (2017) . Here, we use the inverse of a covariance matrix as the regularization matrix. We denote the covariance matrix as K(α Z ), where α Z is a set of parameters. The covariance matrix can have many forms, but we adopt a commonly used form -the squared exponential covariance matrix:
where v i is the corresponding velocity for a LP.
There is an advantage to replacing the first-order Tikhonov matrix with an inverse covariance matrix: Z is a multivariate Gaussian distribution that can be calculated in the Bayesian framework (Asensio Ramos & Petit 2015):
where N denotes a multivariate Gaussian distribution, µ Z and Σ Z are the mean and covariance matrix for the multivariate Gaussian distribution. Σ Z and µ Z can be calculated using the following two equations as derived from Asensio Ramos & Petit (2015) :
whereα Z is the set of parameter that maximizes the marginal posterior for α Z . Assuming the distribution of α Z is strongly peaked, we can follow the Type-II maximum likelihood solution (Bishop 1995) for Σ Z and µ Z . With Σ Z calculated, µ Z can be calculated using the following equation: Fig. 7 shows LPs for A and B based on NIRSPAO observations. Three epochs are shown for mideclipse (-0.08 hour), egress (0.67 hour), and outof-eclipse (1.32 hour). The times in parentheses indicate elapsing time with respect to the center of the primary eclipse (at 0.0 hour) for an eclipse that lasts for 2.7 hours. Note that we combine the last two epochs of NIRSPAO observations to increase the SNR for the out-of-eclipse LP.
RVs for EPIC 203868608 A and B Derived
from LP Owing to the AO system that spatially separates the two visual components, we can measure RVs for individual components using the following equation: v =v − v atm + bcc, wherev is the velocity center of measured LP, v atm is the velocity center of measured LP for telluric lines, bcc is barycentric correction (Wright & Eastman 2014) . We use two methods to calculate the velocity center of a LP: measuring the flux-weighted centroid and polynomial fitting for the LP peak. Both methods yield consistent results. The RV value and uncertainty are estimated by repeating the RV measurement for 100 iterations. In each iteration, correlated Gaussian noise is added to the LP. We report the average and the standard deviation as the RV value and its uncertainty.
The RVs for Aa and Ab are 14.39 ± 0.22 km·s
and −19.71 ± 0.12 km·s −1 , respectively. These are consistent with the orbital solution found from the HIRES RV measurements (see Fig. 5 ). We do not resolve the RV difference between Ba and Bb because the observation was taken when Ba and Bb were eclipsing and ∆RV should be around zero. Instead, we measure the systemic RV for B, which is 0.38 ± 0.69 km·s −1 . The offset of systemic RV between A (−4.44±0.07 km·s −1 ) and B (0.38 ± 0.69 km·s −1 ) is significant at the 6-σ level. This casts doubt on the physical association between A and B, although both velocities are within ∼2σ of the median radial velocity for the Upper Sco association as a whole (Gaia Collaboration et al. 2018) . However, the discrepancy may be reconciled by the following counter arguments. First, the orbital motion of B around A could account for up to ∼3 km·s −1 (i.e. a majority of the discrepancy) assuming a total mass of 0.8 M and a separation of 20 AU. Second, the angular separation of 0.126 makes it unlikely to have an equalbrightness optical double that is physically unassociated (Horch et al. 2014 ).
LP Modeling
We adopt an analytic solution to model LPs for an EB (Pezzato et al. 2018, in prep.) . The analytic model greatly reduces the computational time compared to finite element models that are usually used for EB LP analysis (e.g., Albrecht et al. 2007; Johnson et al. 2014) . Our approach is similar to the analytic method to model the RM effect for transiting planets (Hirano et al. 2011) . The deformed LP during transit is the out-of-transit LP minus a "Doppler shadow", which is the line spread function (LSF) of the spectrograph centered at the blocked velocity and scaled by the flux blocked by the planet. The differences are: (1) the occulting object can no longer be treated as a point source and (2) the occulting object is self-luminous in the EB case rather than a dark spot in the planet case.
To address the point source problem, we calculate the maximum and minimum velocity of the occulted area, and construct a rotationally broadened LP based on the two velocities. The LP is then convolved with the LSF of the spectrograph, which is measured using telluric lines at low airmass.
The self-luminous problem is addressed by adding another LP that is from the occulting star and that is scaled by the relative flux between the secondary and the primary star. Therefore, the final LP is the unocculted LP of the primary, minus the flux-scaled occulted LP, and plus the flux-scaled LP of the secondary, and then normalized so that the total area under the curve equals to unity. The reader is referred to Appendix B for a comparison between the analytic model and a finite-element model , and references therein).
The parameters in our analytic model are: impact parameter, obliquity, eclipse duration (2.7 hours), v sin i for the primary and secondary stars, radius ratio between the primary and the secondary (1.0), orbital period (4.54 days), total mass (0.3 M ) and mass ratio (0.8), flux ratio (0.8), quadratic limb darkening parameters (0.8 and 0.1) (Claret et al. 2012) , eccentricity (0.3), argument of periastron (100 • ), time at periastron (2456896.19699 BJD), and a y-axis scaling factor for LPs. The parameters with values indicated in parentheses are fixed in the following inference for obliquity because they are either well-constrained by observations (e.g. D16) or variation of the parameters does not significantly change the obliquity measurement.
Results for Obliquity Measurement
We generate posterior samples for the LP parameters by exploring the likelihood space of model fits to the data using an affine-invariant Markov chain Monte Carlo (MCMC, Goodman & Weare 2010) as implemented in the Python package emcee (Foreman-Mackey et al. 2013) . We include the following parameters in the MCMC: impact pa-rameter (b), obliquity (λ), and v sin i for the primary and the secondary star. We apply uniform priors to these parameters within their boundaries, 0 < b < 1, −180
• < λ < 180 • , and 0 < v sin i < 50 km·s −1 . Convergence criteria include: (1) the length of MCMC chains is at least 100 times autocorrelation length and (2) the change of the autocorrelation length estimates between consecutive check are less than 5%. The chain was considered converged when both of these criteria were met for each freely-fitted parameter. Fig. 8 Fig. 9 shows LPs that are drawn from the posterior samples in comparison with LP measurements at different epochs.
Posterior distribution of obliquity λ shows clearly multi-modal distribution. While the posterior number density is low, there is an island of positive obliquity values. These represent cases in which the secondary transverses the opposite side of the primary equator with the same impact parameter b. On the island of negative obliquity values where number density is the highest, there appears to be a bimodal distribution. However, the lower-obliquity peak around 20
• is correlated with higher value of b, which are cases for grazing eclipse. This situation is unlikely given the low value of b as inferred from light curve fitting (David et al. 2016 ). Therefore, a careful examination of the multi-modal distribution of posterior distribution of obliquity further favors an orbit with high obliquity.
The large uncertainty in obliquity is due to the following reasons: (1), data quality is not high because of challenging AO-aided high resolution spectroscopy; (2), we do not have a complete coverage of the eclipse, only data points during the eclipse are taken; (3), we have incomplete knowledge on the orbital parameters; and (4), correlated noise in the observations is not well understood. The reader is referred to §A for discussions on the sensitivity of our NIRSPAO observations to the RM effect from EPIC 203868608.
Implications of an Inclined Orbit
Doppler tomography data suggest that EPIC 203868608 Bb is on an inclined orbit around Ba with an obliquity of −57 +40 −36 degree with a 2-σ upper limit at -2.9
• . The inclined orbit has significant implications for the stellar properties of low-mass stars and the formation history of the quadruple system. Specifically, the high obliquity puts constraints on the tidal quality factor Q and the mechanism through which EPIC 203868608 forms.
Tidal Quality Factor
EPIC 203868608 is young and both components have eccentric orbits. This indicates that the tidal circularization time scale should be longer than the system age (∼ 10 Myrs). Here we use that fact to constrain the tidal quality factor for the lowmass stars in EPIC 203868608. Since constraints are stronger for systems with shorter periods, we will discuss the EB component, the period of which (P=4.54 days) is shorter than that for the SB2 (P=17.94 days). The rate at which eccentricity changes due to tidal dissipation is given as follows (Hut 1981 ):
where k = 0.28, which is twice the Love number (Batygin & Adams 2013) ; q is mass ratio, which is assumed to unity here; R/a is the ratio of radius of the primary star to semi-major axis, which is constrained by light curve fitting in D16: R/a = 0.0679; e = 0.3227 is eccentricity (D16). The expression of f 3 and f e can be found in Hut (1981) . Ω and n are the angular velocities of the rotation and orbit: Ω is inferred from v sin i measurement and n is inferred from orbital parameters from light curve fitting in D16. T in Equation 6 is:
where τ is the inverse of the product of the tidal quality factor Q and n (Peale 1999) . Next, the tidal circularization time scale τ circ can be calculated as e/ė. In order for τ circ to be longer than 10 Myrs, Q needs to be higher than 5 × 10 4 . This finding is consistent with previous works on tidal Q (e.g., Matsumura et al. 2008) .
Additional constraints on tidal Q can be obtained from the inclined orbit, which suggests that the synchronization process is not finished. To synchronize the rotational and orbital period, the system needs to be aligned in the first place. Therefore, the age of the system should be smaller than the tidal synchronization time scale, which can be estimated using the following equation (Rasio et al. 1996) :
where ω is the difference of angular frequency between the primary rotation and orbit, and R 2 is the radius of the secondary star. Given that τ sync > 10 Myrs, Q needs to be higher than 5 × 10 5 . Note that the constraint from tidal synchronization is 10 times stronger than that from tidal circularization. Nonetheless, the allowed range for the tidal quality factor (Q > 5 × 10 5 ) is still consistent with previous studies.
Kozai-Lidov Perturbation vs. Stochastic Processes
We investigate here if the EB was formed through Kozai-Lidov (KL) perturbations (Kozai 1962 ; Lidov 1962). KL perturbations are known to result in highly-inclined orbit for exoplanets (e.g., HD 80606, Pont et al. 2009 ). In order for the KL mechanism to operate, the KL timescale needs to be shorter than the general relativity (GR) precession time scale. The KL time scale can be calculated using the following equation (Fabrycky & Tremaine 2007) :
2 out 3πP in
where P is orbital period, subscripts in and out denotes the EB and the perturber, m is mass, subscripts 1, 2, and 3 denote primary and secondary in the EB, and the perturber, and e is eccentricity. The GR precession time scale can be calculated using the following equation (Fabrycky & Tremaine 2007) :
where c is the speed of light, G is the gravitational constant, a in is the semimajor axis for the EB, and e in is the eccentricity for the EB. Assuming P in = 4.54 days, P in = 88.6 years, m 1 = 0.15 M , m 2 = 0.15 M , m 3 = 0.4 M , a in = 0.0359 AU, and e in = 0.32, the condition that τ KL < τ GR is e out > 0.82. However, one needs to note that τ GR is a strong function of a in . Tracing back in time when a in was larger, τ GR can be longer than τ KL , and the requirement for e out is relaxed to lower values.
Alternatively, the orbital architecture of EPIC 203868608 may be an evolutionary consequence of an even higher-order multiple star system (Ghez et al. 1993) . It is shown in numerical simulations that hierarchical multiples can result from dynamical interactions of young stellar multiples formed by fragmenting cloud (Sterzik & Durisen 1998) . Spinorbit misalignment may take place during this formation stage. In addition, star-disk interaction in a multiple star system can also lead to spin-orbit misalignment (Spalding & Batygin 2014) .
SUMMARY AND DISCUSSION
We provide observational evidence that EPIC 203868608 is a quadruple stellar system in the Upper Scorpius OB association. The system consists of two visual components, one being an SB2 and the other being an EB. All stellar components are consistent with being young low-mass stars (age ∼10 Myrs and individual masses lower than ∼0.3M ) that are still undergoing pre-main sequence contraction.
Our observations include: Keck NIRC2 observations that spatially separates the two visual components and confirms the west component as the EB ( §3.3); Keck HIRES observations that constrains the total mass and eccentricity for the SB2 and therefore the total mass of the system ( §3.4); Keck NIRSPAO observations that indicates an inclined orbit for the EB ( §4). The system represents a rare opportunity to test theories on star formation and subsequent dynamical evolution ( §4.5).
We would place a cautionary note here. The NIRSPAO observation is very challenging: namely to spatially separate a 0.126 binary and measure LP changes for faint low mass stars. As a result, only 3 data points have been taken, out of which an inclined orbit of EPIC 203868608 B is inferred. Future AO-aided high-resolution spectroscopy observations are necessary to confirm this result. Available instruments include but are not limited to the upgraded NIRSPEC (Martin et al. 2014) , CRIRES+ (Follert et al. 2014) , the Infrared Doppler instrument (IRD, Kotani et al. 2014) , and the Keck Planet Imager and Characterizer (KPIC, Mawet et al. 2016) .
We develop a framework to infer orbital obliquity for eclipsing systems such as transiting planets and eclipsing stars. The framework includes an analytic approach to model LPs during an eclipse ( §4.3). Unlike previous analytic models, the analytic model can properly handle spectrally-resolved and/or selfluminous occulters, which is essential to modeling EBs and large planets around small stars. Additionally, the framework includes a matrix-based method to retrieve LPs and their uncertainties from highresolution spectroscopic data ( §4.1). Together, the framework offers an efficient way of inferring obliquity ( §4.4) and conducting simulations to check the robustness of the inference ( §A).
The framework will be particularly useful in studying the orbital architecture of eclipsing systems in the era of Kepler and TESS when numerous transiting planets and EB systems are being and will be discovered. Note. complicated. The mismatch is not accounted for in our simulation. Lastly, we fix the y-axis scaling factor in the analysis for mocked data. This is because LP normalization for mocked data has less uncertainty, which mainly comes from ripples outside the rotational broadening velocities. The real data show more ripples (Fig 9) than the mocked data (Fig. 10) , and therefore require an additional scaling factor to account for the normalization uncertainty.
B: COMPARING ANALYTIC MODEL WITH FINITE-ELEMENT MODEL
We compare our analytic model to a finite-element model that pixelates stellar surface and numerically integrate to calculate LPs , and references therein). Two cases are considered, one is a prograde orbit with λ = 0
• and the other case is a polar orbit λ = −90 • . All model parameters, except for obliquity, are the same as what are assumed or inferred from EPIC 203868608 Bab. Both models assume no macro-turbulence, but the finite-element model assumes a micro-turbulence of 2 km·s −1 . Micro-turbulence and macro-turbulence do not play a significant role in the EPIC 203868608 Bab case because LP is mainly dominated by rotational broadening. Fig. 11 shows the comparison between the two models. In both the prograde and the polar orbits cases, the two models agree with each other within 7% of their maximum values. The disagreement between models is at most 38% of LP measurement errors (light grey bars in Fig. 11 ). This suggests that LP measurement uncertainties dominate the uncertainty in our obliquity inference. However, the disagreement between models will be a source of systematic error for future observations with higher SNR and lower LP measurement uncertainty. The comparison between models shows that the analytic model used here needs to be improved. This issue will be addressed in a future paper (Pezzato et al. 2018, in prep) . 
